We experimentally compare two distributed fiber Raman amplified bus networks for the wavelength-division multiplexing of optical sensors. The main difference between them is the type of fiber used in the pre-amplifier in each case.
INTRODUCTION
Bus architectures are some of the most widely used multiplexing topologies for sensors, mainly due to their simple cabling requirements [1] . For example, a wavelength-division-multiplexed (WDM) optical fiber-based network configured as a linear bus has been applied as a means of addressing and subsequently gathering data from optical sensors [2] . It consists of a spine section that connects a series array of directional couplers leading to the sensing elements, followed by fiber Bragg gratings (FBGs).
Nevertheless, fiber bus networks suffer from the disadvantage that the optical power is reduced along the bus and it limits the number of sensors that can be addressed at acceptable signal-to-noise ratios (SNRs). One approach to overcome this restriction is to locate optical amplifiers (such as erbium doped fiber amplifiers, EDFAs) within the bus, but they are costly devices that require electrical power supplies. Alternatively, one can fabricate the bus entirely from erbium-doped fiber with a low doping density to provide distributed gain, but it requires special (and potentially expensive) fiber [2] - [3] and the working bandwidth is limited.
The use of Raman amplification in the spine section of the bus to maintain the received powers from the sensors within acceptable bounds has recently been reported [4] . Moreover, dual-wavelength pumped Raman amplification, together with an EDFA, has been applied in a long-distance sensing system using a fiber Bragg grating [5] - [6] .
In our work we compare two topologies consisting of a Raman bus structure, but introducing two different types of fiber: dispersion compensating fiber (DCF) and a highly nonlinear fiber (HNLF). We show how both Raman gain and signal-to-noise ratios can be increased by using the second configuration.
NETWORK CONFIGURATION
Both configurations consist of a bus topology, as shown in Fig. 1 , with an active bus built from standard single-mode fiber (ITU-G.652 compliant). They use wavelength-division multiplexing (WDM) for the identification of four sensors. Each sensor incorporates a narrow-bandwidth FBG at a unique wavelength. The launched signals are ultimately incident on all of the sensors but the gratings ensure that each sensor returns only its characteristic channel towards the launching point (the head end) after passing through the sensor a second time. The peak wavelengths and reflectivities of the gratings are marked on Fig. 1 . They had a wavelength variation with temperature of 0.01 nm/ºC.
We used 90% directional couplers to perform power distribution among the sensors. Their insertion loss varied from 10.4 dB to 10.8 dB in the 10% branch for the pump and the signal wavelengths and from 0.5 dB to 0.7 dB in the 90% branch for the pump and the signal wavelengths.
In all of our demonstrations, the sensors were removed in order to make the power measurements independent of the particular measurands and so ensure greater generality of the results. Therefore, although the gratings themselves may be used as sensors, the network is not designed to be specific to any particular type of sensor. The Raman pump, signal(s) and receivers are co-located in one head end. Therefore, the Raman pump propagated co-directionally with the launched signal but contra-directionally with the retuned signals from the gratings. All of the free terminations on the bus were a76_1.pdf ThE52.pdf refractive-index-matched to frustrate unwanted reflections. This is very important to minimize noise due to multi-path interference [7] . Taking into account the circulator loss, the launched signal power at port 2 is -2.6 dBm in both cases.
The pump laser that we used was a multi-order fiber Raman laser and it radiated in three lines, 1428 nm, 1445 nm and 1466 nm. The signal was provided by a tunable laser (1460-1580 nm) and after passing through the launch circulator, it had a power of -2.6 dBm and a spectral linewidth of 5 MHz. The launched pump was polarization scrambled but there was a small residual elliptical polarization of the signal laser. By taking multiple measurements, +/-0.5 dB errors are estimated in the gain values.
The original experimental configuration of Fig. 1 (a) [8] has been modified by replacing the initial span of DCF (of length 2.4 km) with 5 km of highly nonlinear fiber (HNLF), as shown in Fig. 1(b) . Dispersion compensating fiber shows relatively high Raman amplification, however, the low power conversion efficiency is considered to be a major difficulty that must be overcome [9] . In order to enhance the gain of the Raman amplifier, we have proposed highly nonlinear fiber (HNLF) with a Raman gain coefficient of 2.2 W -1 km -1 and attenuation of lower than 0.4 dB/km around 1550 nm. Moreover, DCF has a raised germania content and therefore a somewhat higher loss coefficient than SMF. We have measured a fiber loss of 0.55 dB/km for the DCF. The availability of new high-power optical sources in the 1550-nm wavelength range as well as the development of highly nonlinear fibers (HNLF) offer increased possibilities to design devices relying on nonlinear effects in optical fibers [10] .
From the theory of Raman amplification it is known that fibers with a relatively high effective area, such as SMF, have a low pump power conversion efficiency and therefore as distributed amplifiers they are oriented to long span networks. However, with the judicious use of HNLF it is possible to achieve greater flexibility in bus lengths without having to launch excessive pump powers. HNLF is a good Raman gain medium, due to its small effective core area (9 µm 2 compared with 16 µm 2 for the DCF). As shown in Section III, we obtained the best results with this fiber. Fig. 1(a) . 
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RESULTS
In order to evaluate an amplifying network, we define a bus spine transparency power. This is the value of the Raman pump power that is sufficient to overcome the signal attenuation due to (a) the fiber and (b) the discrete losses experienced at the couplers in passing from one amplifying span to the next. This power level does not include compensation for the 2 x 10 dB losses in passing from the spine of the bus to the sensors and back again or for the losses of the launch coupler and circulator. Fig. 2 was obtained using the configuration of Fig. 1(a) with the Raman pump switched on.
The power used in Fig. 2 was 270 mW because this is the bus spine transparency power for the return path to S4. The original experimental setup has been modified in order to obtain higher Raman gain. The improved fiber-bus is that of Fig. 1(b) . S1… S4 show the positions the sensors ought to take in the new network, although these sensors have been removed in the interest of generalization, as already mentioned. In the improved bus structure, a pump power of 250 mW is sufficient to obtain the transparency condition due to the greater Raman gain efficiency when highly nonlinear fiber is used. Fig. 3 is a plot of the amplified output power obtained with an applied pump power of 250 mW. Clearly, there is a power increase in all channels and a marked improvement in channel power equalization. It is important to notice that with the new configuration the Raman gain profile has changed, as well as the gain level with respect to the original setup with the 2.4 km dispersion compensating fiber span. Fig. 4 is a representation of the new Raman gain profile for a pump power of 250 mW. In this way, by adding the 5 km of HNLF there is enough distance to obtain Raman gain for every grating, even for the one closest to the pump. We used this property to obtain a degree of equalization of the received powers from the four gratings. In both cases of Fig.  1 , the strategy we used was to place the gratings corresponding to low Raman gains closest to the pump because that is where the signals experience enough interaction lengths. Conversely, gratings with relatively high Raman gain wavelengths were located further from the head end.
a76_1.pdf ThE52.pdf Table I and Table II summarize the received optical powers, Pr, obtained from each of the four sensors, and their corresponding optical signal to noise ratios (OSNR) considering the original and the improved setups of Fig. 1(a) and 1(b), respectively. We had a minimum improvement of 3.3 dB for the sensor at 1539.9 nm and a maximum of 5.9 dB for the sensor at 1531 nm. Better equalization is obtained when using the highly nonlinear fiber and also the optical signal to noise ratios are better when HNLF is used, as shown in Table II .
CONCLUSIONS
We have demonstrated an improved distributed Raman amplifying bus network for wavelength division multiplexing of sensors, which uses a highly nonlinear fiber. This structure yields greater absolute received signal power and better SNR values. The improvement is achieved by using only 270 mW Raman pump power. Our results obtained with high power pumping indicate that there is potential to extend the bus network to serve greater numbers of sensors. 
